Double-stranded cDNA copies of the satellite RNA of tomato black ring virus (strain S) have been cloned in pBR322 and sequenced. From these data the primary nucleotide sequence of the satellite RNA was deduced; it contains 1375 nucleotides and a poly(A) tail. Only one long open reading flame was found which codes for a protein of mol. wt. 47 873. This sequence is flanked by a Y-terminal sequence of 13 nucleotides and a 3' non-coding region of 87 nucleotides, which contains a sequence that resembles signals for polyadenylation in other RNA molecules.
INTRODUCTION
Tomato black ring virus (TBRV) is a nepovirus and has a bipartite RNA genome. Some isolates contain a satellite RNA of approximate mol. wt. 5 × 105 (Murant et al., 1973 ; Murant & Taylor, 1978) . The satellite RNA is dependent on RNA 1 and RNA 2 for its multiplicatio n and encapsidation (Murant et al., 1973) but both in vitro and in protoplasts induces the synthesis of a polypeptide of mol. wt. about 48000 (Fritsch et al., 1978 (Fritsch et al., , 1980 , whose function is unknown.
The satellite RNA has little or no sequence homology with the genome RNA (Robinson, 1982) but, like it, has both a polyadenylated 3' end (Mayo et al., 1979) and a 5' end-linked protein (VPg: Koenig & Fritsch, 1982; Mayo et al., 1982) .
We report here the complete sequence of satellite RNA, which should help in studying the replication, expression and biological significance of this RNA.
METHODS
Nucleic acids and enzymes. TBRV strain S (Scottish strain: Harrison, 1958 ) was propagated in Nicotiana clevelandii and purified as previously described (Fritsch et al., 1978) .
TBRV RNA was extracted, and satellite RNA was separated from genomic RN A, as described by Fritsch et al. (1984) .
Plasmid DNA was isolated essentially as described by Birnboim & Doly (1979) followed by equilibrium centrifugation in gradients of CsCI containing ethidium bromide.
Reverse transcriptase was a gift from J. W. Beard (Life Sciences), T4 polynucleotide kinase, restriction endonucleases, the Klenow fragment of Escherichia coli DNA polymerase I, terminal deoxynucleotidyl transferase, and $1 nuclease were from Bethesda Research Laboratories. RNases T1, T2 and U2 were from Calbiochem; RNase A and alkaline phosphatase were from Boehringer.
Synthesis and cloning of double-stranded cDNA. The procedure was essentially as described by Bothwell et al. (1981) with slight modifications. About 2~tg of purified satellite RNA and 2~tg of oligo(dT)12_18 (P-L Biochemicals) were preincubated for 2 rain at 80 °C. After the mixture had been cooled to room temperature, complementary DNA was synthesized by reverse transcriptase (500 units/ml) in 50 mM-Tris-HC1 pH 8.2, 30 mM-KC1, 6mM-MgCI2, 12mM-dithiothreitol (DTT), and 0.2mM of each of the four deoxyribonucleoside triphosphates (dNTPs). The mixture (40 ~tl) was incubated at 42 °C for 45 min. Then the volume was increased to 200 ktl by the addition of HEPES pH 6.9, KC1 and dNTP (to final concentrations of 100 raM, 100 mM and 0.15 mM respectively) and 20 pCi of Amersham) . Incubation of the reaction mixture at 20 °C for 2 h with 1.2 units RNase H (6 U/ml) and 10 units of the Klenow fragment of E. coli DNA polymerase I allowed simultaneous removal of the RNA template and synthesis of double-stranded cDNA.
The double-stranded DNA was isolated following extraction with phenol :chloroform : isoamyl alcohol (50/48/2, by vol.) by precipitation with ethanol. The cDNA was then treated for 1 h at 37 °C with $1 nuclease (50 U/ml) in 30 mM-sodium citrate pH 4.6, 300 mM-NaCI, and 3 mM-ZnC12 in order to remove the hairpin-like terminal structure (Efstratiadis et al., 1976) . The mixture was then heated for 10 min at 65 °C after the addition of 0.1 ~ SDS and 10 mM-EDTA. Fractions containing dsDNA of an appropriate size were selected by centrifugation at 55 000 r.p.m, in a gradient of 5 to 20 ~ sucrose in 20 mM-Tris-HCl pH 8, 5 m~,I-EDTA, and 500 mM-N aC1 using an SW60 Beckman rotor at 15 °C. The ds cDNA was tailed by the addition ofdC residues in 30 ~t160 mM-Tris-HCl pH 7.6, 0.7 mM-sodium citrate, 7 mM-NaC1, 0.1 mM-DTT, 140 mM-sodium cacodylate, 1 mM-CaC12, 30 ~tM-dCTP, and 10 ~tCi [3H]dCTP (21 Ci/mmol, Amersham) and 5 units terminal deoxynucleotidyl transferase.
The tailed dsDNA was inserted into the PstI site of riG-tailed pBR322 (a gift of P. Sondermeyer, Transg~ne). The hybrid plasmid DNA was introduced into competent E. coli K500 and transformants were selected on nutrient agar plates. Colonies resistant to tetracycline and sensitive to ampicillin were selected and analysed by the rapid screening method of Birnboim & Doly (1979) .
The clones were amplified and plasmid DNA extracted by the alkaline lysis method (Birnboim & Doly, 1979) . The hybrid DNA was cut by PstI, and foreign DNA was separated from plasmid DNA by electrophoresis in a 1 agarose gel. Inserted DNA was recovered from agarose by the glass binding method described by Vogelstein & Gillespie (1979) .
Analysis of the cloned cDNA. TBRV RNA (species 1, 2 and 3) was glyoxylated, separated by electrophoresis in a 1 ~o agarose gel and transferred to nitrocellulose paper. The paper was prehybridized and then hybridized with nick-translated hybrid plasmid DNA or purified insert cDNA as described by Thomas (1980) . DNA sequencing. The cDNA was cut by restriction enzymes and the fragments were treated with alkaline phosphatase and Y-labelled with [y-3zp]ATP (Amersham) using T4 polynucleotide kinase.
The strands of 5'-labelled denatured DNA fragments were separated by electrophoresis in polyacrylamide gels (Maxam & Gilbert, 1980) . Each fragment was eluted from the gel, and impurities were removed by DEAEcellulose chromatography (Smith & Calvo, 1980) . Chemica' sequencing of each purified fragment was done by the method described by Maxam & Gilbert (1980) .
Primer extension and cloning of primer-extended material. A restriction fragment from clone p346 located between residues 231 and 276 was prepared and 5'-end-labelled at position 276. This fragment was hybridized to TBRV RNA-3 and extended with reverse transcriptase in the same conditions as described above. The extended fragment was purified by polyacrylamide gel electrophoresis and the nucleotide sequence determined by the method of Maxam & Gilbert (1980) . The extended fragment was also made double-stranded and was cloned by the same procedure as described above.
lodination of VPg on satellite RNA. The method used was as described by Koenig & Fritsch (1982) . Nuclease treatments of lZSl-VPg-RNA. Complete digestion of RNA with T1, T~ and pancreatic RNases (0.5 U/0.5 U/0.5 ~tg) was performed overnight in 50 mM-ammonium acetate pH 5, at 37 °C. Limit digestions of RNA by T~ RNase at 1 U/~tg RNA or by pancreatic RNase A at 0.1 ~tg/p.g RNA were made in 50 mM-Tris-HCl pH 7.5, and 10 mM-MgCI 2 at 37 °C for 2 h. Digestion of RNA by RNase U2 at 0.5 U/~tg RNA was performed at 37 °C for 2 h in 20 raM-sodium citrate pH3.5. The products obtained after digestion of ~2sI-VPg RNA were analysed on Whatman 3MM paper by electrophoresis in 0"5~o pyridine and 5~ acetic acid, pH 3.5, for 1.5 h at 2500 V. The paper was dried and autoradiographed. For further analysis, products were eluted from the paper in triethylaminobicarbonate, lyophilized, washed twice with water, and redissolved in 5 pl water.
RESULTS

Characterization of the clones
Double-stranded cDNA was analysed by electrophoresis in a 1 ~o agarose gel. It consisted of molecules of various lengths, mostly longer than 1.5 kilobase pairs (kbp) (Fig. 1 a, lane 1) . After treatment by $1 nuclease the cDNA included copies of nearly full length (approx. 1.37 kb) as well as a variety of smaller copies ( Fig. 1 a, lane 2) .
The longest molecules of dsDNA were selected by sucrose gradient centrifugation ( Fig. l a, lane 3), dC-tailed, and inserted in the PstI site of pBR322. The hybrid plasmids were introduced into E. coli cells and tetracycline-resistant, ampicillin-sensitive colonies were selected. Of 200 transformants tested, none contained a full-length cDNA; the longest hybrid plasmid, p346, had a unique cDNA insert of about 1.2 kbp (Fig. 1 b) . The inserts of all other clones analysed were smaller and contained sequences in common with the 1-2 kbp DNA. As will be shown below, the 1.2 kbp DNA contains the sequence complementary to the 3' end of the RNA but lacks the sequence corresponding to the 5' end. Therefore, new hybrid plasmids were constructed by cloning the DNA fragment obtained by extension of the HpalI restriction fragment (A in Fig. 2 ) located towards the 5' end of the 1.2 kbp DNA. In this way transformants were obtained with plasmids containing inserts of approximately 0.25 kbp. Blot hybridization experiments using TBRV RNA bound to nitrocellulose filters and 32p-labelled DNA showed that some clones had D N A inserts complementary to RNA-2, or to both RNA-2 and -3. This suggests that the RNA-3 used for eDNA synthesis probably contained fragments of RNA-2. Nevertheless, most plasmids contained D N A inserts which hybridized only with RNA-3. Four of them were retained for further analysis. Fig. 2 shows the alignment of inserts of plasmids p346, p326, p3106 and p348 and the strategy used to sequence these DNAs by the method of Maxam & Gilbert (1980) . The presence of a 33 nucleotide-long poly(A) tail in the DNA insert ofp346 indicated that this D N A contains a sequence complementary to the 3'-terminal region of RNA-3. Inserts of p326 and p3106 derived respectively from the 5' and the 3' region of the 1.2 kbp D N A allowed confirmation of the nucleotide sequence established for this DNA. D N A of p348 contains a 65 nucleotide-long sequence in common with DNA of p346 and so was easily orientated and positioned from nucleotide 34 to nucleotide 300. We do not know why the insert in this clone, although obtained by extension of the HpaII fragment (nucleotides 23l to 276), started at nucleotide 300. To confirm the overlapping sequence between the DNA inserts of p346 and p348, a primer (A), obtained by HpaII digestion of the 1.2 kbp D N A (Fig. 2) , was 5'-labelled. The sequence of 100 nucleotides of the primer-extended D N A was established and was in perfect agreement with the sequence determined from the D N A insert of p348. As all the hybrid plasmids were constructed by insertions of Sl-treated dsDNA, they lacked the sequence complementary to the 5' extremity of the RNA, which is involved in the loop formed between complementary DNA strands. To deduce this sequence a primer-extension experiment was performed. The primer consisted of a DNA fragment (B) of 18 nucleotides obtained by DdeI and TaqI digestion of the p348 DNA and it was Y-end labelled at base 84 (Fig. 2) . The nucleotide sequence of the primer-extended material corresponding to the complementary strand of the RNA was determined by the technique of Maxam & Gilbert (1980) . The top part of the sequence determined from the longest electrophoresis run was CAA (i.e. 5' U-U-G 3' for the RNA), but a possibility of error remains for the last nucleotide, which runs close to the full-length fragment at the top of the banding pattern. For this reason, we tailed the extended cDNA by adding dG residues with terminal transferase. In this way, we displaced the last nucleotide of the sequence proper from the full-length DNA plus dG residues and were able to read it unambiguously as A (results not shown).
Derivation of the sequence
Prediction of the first nucleotide bound to VPg
125I-VPg-labelled RNA-3 was digested with T1, U2 or RNase A, or with a combination of RNases T~, Tz and A. The products were separated by electrophoresis at pH 3.5 on Whatman 3MM paper. T1 and Uz digestion gave prominent spots (t and u respectively in Fig. 3 , lanes a to e and b to d) migrating toward the anode whereas treatment with RNase A or with a combination of RNases TI, T2 and A (not shown) produced a spot (p) that moved toward the cathode (Fig. 3,  lane c) . Generally, in such experiments a large amount of radioactive material remained at the origin. Elution and redigestion of this non-migrating material, followed by electrophoretic analysis, gave a pattern of products similar to that observed after the original digestion, suggesting that the non-migrating material had not been completely digested during the initial enzyme treatment or had undergone aggregation. Double digestion of the 125I-VPg-RNA by T~ and U2 RNases gave rise to material migrating like spot t (Fig. 3, lane f) . Also, the product of spot u (obtained after RNase U2 digestion), when eluted and redigested by RNase T1, migrated like spot t, i.e. slightly slower than spot u (Fig. 3, lane g ). Double digestion of 125I-VPg-RNA by T~ and pancreatic RNases (Fig. 3, lane h) or redigestion of material contained in spot t or u by pancreatic RNase (Fig. 3, lanes i and j) in all cases resulted in production of material migrating toward the cathode. For unknown reasons it was our experience that spots obtained after redigestion with pancreatic RNase were badly smeared compared to the initial spots.
_.1_ (a) Nucleotide sequence of TBR V satellite RNA (b) (e) (d) (e) (f) (g) (h) (i)
Thus, in spite of the difficulties encountered in analysing the VPg-linked nucleotides it appears that the shortest protein-linked oligonucleotide is produced by pancreatic RNase digestion and consequently that the nucleotide(s) closest to VPg must be one or more pyrimidines. Longer VPg--oligonucleotides would have been more negatively charged and hence would have migrated toward the anode. The U2 RNase digestion product migrated slightly more toward the anode than the T~ RNase digestion product, and so the VPg-oligonucleotide containing an A residue should be longer than the VPg--oligonucleotide containing a G residue. Taken together, these results are consistent with the 5'-terminal sequence being VPgpUpUpGpA, as was deduced from the cDNA sequence. We have established the sequence of cDNA clones corresponding to the complete sequence of the satellite RNA of TBRV (Fig. 4) . This sequence consists of 1375 nucleotides excluding the poly(A) tail. The calculated mol. wt. of TBRV satellite RNA including a poly(A) of 30 nucleotides is 4.5 × 105, which is 10~ less than the value estimated previously (Murant et al., 1981) . Satellite RNA has a base composition of 28.7~ A, 23.9~ C, 23.5~ U and 23~o G. Analysis of the coding capacity of the nucleotide sequence reveals the presence of a reading frame on the positive strand starting at the AUG in positions 14 to 16 and extending to a termination codon at positions 1286 to 1288. This sequence is sufficient to code for a protein of 424 amino acids with a mol. wt. of 47873.
Examination of the sequence reveals several other open reading frames, but all encounter a stop codon within 30 to I00 bases. The longest such reading frame consists of 114 nucleotides (from 247 to 360) and would be sufficient to code for a protein of 37 amino acids. On the negative strand of the RNA, only short open reading frames are found.
The significance of such open reading frames found in other positive-stranded RNA viruses is unknown (Van Vloten-Doting et al., 1982; Ahlquist et al., 1981 ; Goelet et al., 1982; Cornelissen et al., 1983) . According to the scanning model proposed by Kozak (1981) , the initiation of translation starts when the ribosomes encounter the first AUG after the 5' extremity. However, this rule has several exceptions and it has been found that recognition of a functional initiation codon is facilitated by an environment of purine in position -3 and a G in position + 4. From this point of view, the AUG in positions 365 to 367 is much more similar to the ideal consensus sequence than the first AUG. However, the choice by ribosomes of the second AUG (in phase with the first) can easily be excluded for the following reasons.
Firstly, we have shown previously that, in vitro and in vivo, satellite RNA induces the synthesis of a protein of 48K (Fritsch et al., 1978) . This value is in good agreement with the protein predicted in the case of initiation at the first AUG but not for initiation at the second AUG, which would yield a polypeptide of only 40K. Secondly, in earlier studies (Koenig & Fritsch, 1982) of the initiation complexes formed between satellite RNA and ribosomes, fragments of VPg-linked RNA of about 35 nucleotides were found to be protected against RNase T~ digestion. This result is most readily reconciled with the presence of a ribosome 'sitting' on the first AUG, protecting the RNA from T1 digestion from nucleotides 1 to 30 or 32.
As shown before, even though the first nucleotide was not determined directly the 5' extremity is very likely to be VPg-pUpUpGpA. Interestingly, in both poliovirus RNA and aphthovirus RNA the VPg is linked to a pUpU sequence at the 5' end (Harris, 1979; Kitamura et al., 1981) . The distribution of triplets used for encoding the 48K protein of satellite RNA is presented in Table 1 Preliminary results obtained with TBRV strain A, which is very closely related to the TBRV S strain, show no obvious similarities between 3'-terminal sequences of the genomic RNA and the satellite RNA except for the possible polyadenylation signal and a C immediately preceding the poly(A) tract (S. M. Dodds, personal communication). The cDNAs employed in the determination of the sequence will now be useful probes to follow the synthesis of satellite RNA in plants infected by RNA-1 alone or by both genomic RNAs. Furthermore, construction of a full-length cloned copy of the satellite RNA will allow studies of the function encoded by this RNA.
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